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The northern Humboldt Current System (HCS) is a highly productive eastern boundary upwelling system off
Peru. El Nino Southern Oscillation (ENSO) is one of the main drivers of short-term climate variability, whose
warm (El Nino) and cold (La Nina) phases can trigger changes in the physical, chemical, biological, and so-
cioeconomic conditions of the northern HCS. We explored the impacts of ENSO phases and magnitude in the
region over the structure of the pelagic fish community in the northern HCS through the study of spatial and
temporal beta diversity changes. To achieve this goal, we used 25-year taxonomic composition data from pelagic
scientific surveys and statistical multivariate methods. We found that, depending on the magnitudes, most of the
El Nino (EN) categories substantially increased the diversity index values in this system with respect to the
neutral phase. In contrast, La Nina (LN) decreased it. The community spatial structure principally showed three
ecological regions, which varied in extension, indicator species, and composition across ENSO phases. The local
contribution to beta diversity (LCBD) showed that the shelf break is essential in shaping the community structure
among ENSO phases. The changes in temporal beta diversity suggest that the spatial structure or change of the
community abundance is influenced by the magnitude of the EN phase. We conclude that the oceanographic
changes caused by the ENSO phases may significantly impact the fish community structure in the northern HCS.

Our results are relevant to implementing climate-ready management measures in this ecosystem.

1. Introduction

In marine ecosystems, fluctuations in environmental conditions, like
rising temperatures, can affect the habitat and behaviour of marine fish,
leading to changes in biodiversity patterns (e.g., Hu et al. (2022)). These
environmental effects may be direct, influencing the physiology of or-
ganisms, or indirect, affecting lower trophic levels and creating a
cascading effect throughout the food web (Lehodey et al. 2020). In
addition to natural factors, anthropogenic processes — such as fishing,
pollution, and habitat degradation — also impact marine biodiversity,
often resulting in significant biodiversity losses (Worm et al. 2006).

The Humboldt Current System (HCS) is an eastern boundary up-
welling system (EBUS) located in the east Pacific Ocean, off the coasts of
Peru and Chile (Chavez et al. 2008). Along the Peruvian coast, trade
winds blowing toward the equator generate a persistent coastal up-
welling of cold and nutrient-rich waters (Swartzman et al. 2008), which

led to high primary productivity (Tarazona and Arntz 2001; Pennington
et al. 2006; Chavez and Messié 2009), characterising the HCS with
anomalously high biological productivity in terms of fish per unit area
when compared with other EBUS (Chavez and Messié 2009). This
elevated productivity supports diverse fisheries, such as the Peruvian
anchoveta (Engraulis ringens) (Chavez et al. 2008), which sustains one
of the largest monospecific fisheries in the world (FAO 2020). In addi-
tion, the HCS also features a shallow and intense Oxygen Minimum Zone
(OMZ) (Graco et al. 2017), which shapes the habitat of several pelagic
species (Bertrand et al. 2011; Salvatteci et al. 2022).

Due to its low-latitude location, the HCS exhibits significant vari-
ability and susceptibility to interact with extreme inter-annual system
disturbances (Bakun and Weeks 2008). El Nino Southern Oscillation
(ENSO) and its warm phase, El Nino (EN), is the leading interannual
fluctuation in the HCS (Gutiérrez et al. 2016; Bonino et al. 2019). The EN
is a climate phenomenon characterized by the warming of the surface
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waters in the tropical Pacific Ocean and the weakening of equatorial
trade winds (Timmermann et al. 2018). This warm phase triggers
changes in the circulation of ocean currents and the thermocline and
oxycline depths, with an increase in water temperature and a decrease in
upwelling (Bertrand et al. 2020), thereby reducing primary productivity
(Barber and Chavez 1983; Arntz et al. 2006; Chavez et al. 2008;
Espinoza-Morriberdn et al. 2019; Bertrand et al. 2020; Lehodey et al.
2020). In contrast, La Nina (LN) is the cold phase of the ENSO, producing
an anomalous increase in upwelling and expansion of cold waters,
favouring the habitat of Peruvian anchoveta and other species associ-
ated with cold conditions (e.g., red squat lobster (Yapur-Pancorvo et al.
2023)). EN events in the HCS have been more recurrent in the last
decade, producing changes in the ocean conditions and species dwelling
therein, as well as causing socioeconomic consequences (Thompson
et al. 2017; Kluger et al. 2019; Bertrand et al. 2020; Pécastaing and
Chavez 2020; Gutiérrez and Bouchon 2021).

Given their economic and ecological roles, the Peruvian anchoveta
and other pelagic fishes such as the chub mackerel (Scomber japonicus)
and the jack mackerel (Trachurus murphyi), have been the main target
species of several studies in the HCS during the last decades (Alegre et al.
2013, 2015; Torrejon-Magallanes et al. 2021). However, other species
that inhabit the pelagic environment and contribute to the fish species
diversity in this system have been studied less extensively. It has been
stated that latitudinally richness tends to be greater in the northern
tropical areas compared to southern temperate regions (Vildoso B. et al.
1999). Across trophic levels, more species diversity has been found in
groups of higher (e.g., birds, sharks) and lower levels (e.g., diatoms,
dinoflagellates) compared to the intermediate levels (e.g., small pelagic
species) (Fréon et al. 2009). There is also evidence of latitudinal varia-
tions in the diversity of fishes off Chile, which decreases as one moves to
southern areas (Navarrete et al. 2014).

Several studies have shown that the extreme EN event of 1997-1998
caused significant changes in the pelagic fish community. Bouchon et al.
(2001) used fishery-dependent data to investigate fish diversity in the
northern HCS from 1994 to 1998, finding that during the preceding and
subsequent years to the extreme EN event, the region had low fish di-
versity with a large dominance by the Peruvian anchoveta and high
biological productivity. They also found that the EN 1997-1998
increased fish diversity due to the migration of tropical species and
reduced the anchoveta dominance. Other studies indicated that tropical
and oceanic fish, including tunas and mackerels, were more prevalent
during the 1997-1998 event (Espino 1999; Niquen and Bouchon 2004).
Also, other studies have found that these interannual migration of spe-
cies depend on the magnitude of environmental changes and the species
composition during the period before the development of the phenom-
enon (Bertrand et al. 2004; Chavez et al. 2008; Lehodey et al. 2020).
Nonetheless, there is a lack of information on how different ENSO events
have impacted pelagic fish diversity and structure in the northern HCS in
the last two decades.

This study investigated the variations in the community composition
and spatial structure of pelagic fishes in response to distinct ENSO events
in the northern HCS. Using a long-term and fishery-independent dataset
collected by scientific surveys from 1995 to 2019 off the Peruvian coast,
we quantify the diversity changes in the pelagic community over space
caused by the three main ENSO phases: El Nino, La Nina and neutral
(spring and summer). We focus our analyses on identifying alpha and
beta diversity changes among ENSO phases and species indicators of
ENSO events. To our understanding, this is the first study that statisti-
cally assesses the diversity of fishes in the pelagic habitat in the northern
HCS and the impacts of several ENSO events.

2. Materials and methods
2.1. Survey data

We used taxonomic data from the pelagic acoustic scientific surveys
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conducted by the Marine Institute of Peru (IMARPE) off the Peruvian
coast from 1995 to 2019. These surveys were carried out twice a year,
during the austral summer and spring seasons, from 3° to 18°S and to a
maximum distance of 100 nautical miles (NM) from shore (Castillo et al.
2009). The survey design is systematic, following parallel and equidis-
tant cross-shore transects of ~100 NM long and with ~10-15 NM
inter-transect spacing (Castillo et al. 2009) (Fig. S1). These acoustic
surveys investigated various components of the Peruvian marine
ecosystem, such as oceanographic conditions and the geographic dis-
tribution, biomass, and abundance of the Peruvian anchoveta and other
pelagic species with economic importance to provide management
advice (Castillo et al. 2009; IMARPE 2020).

Taxonomic data come from mid-trawl samplings conducted during
surveys (~150-200 trawls per survey) at depths between ~10 and 100m
using a fine mesh net with a 43 mm diagonal mesh size. Trawl locations
are decided during the vessel trajectory based on the echoes detected by
the scientific echo-sounders (Fig. S1). The main goal of the trawls is to
determine the species composition, size spectra, and biological infor-
mation of the species that produced the echoes. Since strong echoes are
mostly sampled, this approach increases the probability of effectively
representing the species that inhabit the system. Even though trawl lo-
cations cover the entire survey area, they are unevenly distributed over
space and are usually denser in coastal areas. Fishery biologists con-
ducted the taxonomic identification of all specimens caught in a trawl,
recording their mass (kg), body size and biological information. More
information regarding the survey sampling protocol can be found in
Castillo et al. (2009).

2.2. Data standardization

Due to differences in the survey area coverage, we only used trawl
information between 5° and 16°S and from O to 80 NM from the
shoreline. While several marine taxa are caught in the mid-water trawls,
we constrained analyses to fish taxa. We also performed a taxonomic
standardization (see Supp Information — Appendix A) to produce ho-
mogeneous and comparable taxonomic data since the taxonomic suffi-
ciency (i.e., the ability of surveyors to identify an organism up to the
species level) might have varied among surveys. After taxonomic stan-
dardization, we used 67 fish taxa (Table S2) in our analyses. Finally, we
standardized the catch per taxa by dividing it by a measure of fishing
effort (trawling time in minutes), producing a catch per unit effort
(CPUE) per taxa, which was then used as a proxy for abundance.

2.3. ENSO phase classification

To study the impacts of the ENSO phases on the diversity of fishes in
the northern HCS, our primary analyses classified the ENSO events by
phase and intensity following the Coastal El Nino Index (ICEN)
(Takahashi et al. 2014). The ICEN is established by the Commission in
charge of studying the El Nino Phenomenon (ENFEN) in Peru. This index
measures the variability of the regional climate in the eastern equatorial
Pacific Ocean, and it is determined by calculating the three-month
moving average of the sea surface temperature (SST) anomaly in the
Nino 1 + 2 region (off Ecuador and Peru). More information about the
ICEN can be found at ENFEN (2024).

For the Neutral phase, we assigned surveys based on the months they
were conducted: i) Neutral Summer (N_Summ): surveys from December
to April; Neutral Spring (N_Spring): from July to October. We divided
the El Nino phase into four categories based on intensity: EN extreme
(EN_extreme), EN strong (EN_strong), EN moderate (EN_moderate), and
EN weak (EN_weak). For the La Nina phase, we considered three cate-
gories: LN strong (LN_strong), LN moderate (LN_moderate), and LN
weak (LN_weak), for a total of nine ENSO categories. For the study
period, the EN_extreme corresponds to the EN 1997-1998 event, the
EN_strong to the EN 2015-2016 event, and the EN_moderate to the
Coastal EN 2017 event. Information from trawl surveys conducted
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during the same ENSO phase category was aggregated (Table 1) and
used in the analyses described below.

There is also an alternative ENSO classification based on the Ocean
Nino Index (ONI) in the Nino-3+4 region in the central Pacific (5°S-5°
N, 170°-120° W). Therefore, we also conducted complementary ana-
lyses based on this classification. For this case, the ENSO phases are: i)
Central Pacific El Nino (EN_CP), ii) Eastern Pacific El Nino (EN_EP), iii)
Extreme El Nino (EN_extreme), iv) Coastal El Nino (EN_coastal), and v)
La Nina Strong (LN_strong). Following this criterion, we had seven ENSO
categories, including the neutral ones. The discrimination of surveys for
each category was done following the information found in Bertrand
et al. (2020) (Table 1).

2.4. Global analysis

Fig. 1 shows the spatial distribution of trawls considered for each
ENSO phase. We calculated three types of taxonomic diversity indices:
1) alpha diversity, which represents local diversity and was calculated
by averaging the taxonomic richness (i.e., the number of taxa) by trawl;
2) gamma diversity, which represents the global diversity of a study area
and represents the total number of taxa; and 3) beta diversity was
calculated to estimate how the community changes among the trawls.
Total beta diversity (BDrota) Was calculated using the beta.div function
of the adespatial R package (Dray et al. 2022). The BDry, Statistic used
in this paper is the total variance of the Hellinger-transformed com-
munity composition data matrix. The Hellinger transformation is
effective for abundance data as it assigns lower weights to species with
low CPUE and many zeros (Legendre and Gallagher 2001), particularly
true for taxonomic survey data. Because the community data were
Hellinger-transformed, BDro, values range between 0 and 1 for any
community study, and the BDrqy, statistics are comparable among
communities (Legendre and De Céceres 2013). The maximum value of
BDryta1 does not depend on the total abundance of the organisms in the
community composition data.

Due to the differences in the number of trawls per ENSO CATEGORY
might introduce bias into these diversity measures (Fig. S3), we calcu-
lated the alpha, gamma, and total beta diversity values 500 times by
randomly selecting 150 trawls each iteration (i.e., bootstrap). To
compare the diversity values between ENSO phases, we performed a
pairwise comparison using the Tukey honestly significant test (Tukey
1949) using the bootstrapped values by ENSO category.

2.5. Spatial beta diversity analysis

We first divided the studied area into segments (called ‘segment
sites’ hereafter) of one latitudinal degree and 10 NM distance to the
coast (Fig. 1 and Fig. S2). Then, we estimated the total beta diversity
index (BDrota1) for each ENSO category. We also partitioned each total
beta diversity index into Local Contributions to Beta Diversity (LCBD).
LCBD indices represent the degree of uniqueness of the community
composition at a site (i.e., segment site in this case) compared to a vector
of mean community composition for all sites (Legendre and De Caceres
2013). The LCBD indices were calculated as the row sums of the squared
deviations from the species mean in the abundance matrix, divided by
the total sum of squares. LCBDs were assessed for significance using
9999 permutations (Legendre and De Caceres 2013). Significant LCBD
values indicate segment sites with community compositions that differ
from others in each ENSO category. LCBD indices per segment site were
calculated for each ENSO category separately, using the beta.div func-
tion of the adespatial package in R (Dray et al. 2022). In addition, these
LCBD values were plotted by distance to the shelf break (in NM) and
intervals of latitude to observe spatially the taxa variation by ENSO
category.

We performed a space-constrained hierarchical clustering to identify
ecological regions with similar species composition. A constrained
clustering method considers i) the information of the dissimilarity
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Table 1

List of surveys from 1995 to 2019 used in this study. Information on the start
date, end date, and number of trawls is also shown. Surveys were grouped into
distinct ENSO categories by ICEN and ONI indices.

Year Name Begin End N° ENSO phase  ENSO phase
Date Date trawls (ICEN) (OND)
(Month) (Month)

1995 C9502- 2 4 93 N_Summer CP_EN
04
C9508- 8 9 76 N_Spring N_Spring
09

1996 C9602- 2 4 93 LN_Strong N_Summer
04
C9608- 8 9 79 LN_Strong N_Spring
09
C9611- 11 12 67 LN _Strong N_Summer
12

1997 C9702- 2 4 80 N_Summer N_Summer
04
C9709- 9 10 85 EN_extreme EN_extreme
10

1998 C9803- 3 5 102 EN_extreme EN_extreme
05
C9805- 5 6 50 EN_extreme EN_extreme
06
C9808- 8 9 128 EN_extreme LN_strong
09
C9811- 11 12 80 N_Summer LN_strong
12

1999 C9902- 2 3 94 N_Summer LN _strong
03
C9909 9 9 24 N_Spring LN _strong
C9911- 11 12 132 LN_Weak LN_strong
12

2000 C0001- 1 2 197 N_Summer LN_strong
02
C0010- 10 11 135 N_Spring N_Spring
11

2001 C0103- 3 4 145 N_Summer N_Summer
04
C0107- 7 8 151 LN_Weak N_Spring
08
C0108- 8 9 71 LN_Weak N_Spring
09
Cco110- 10 11 234 LN_Weak N_Spring
11

2002  C0202- 2 3 103 EN_Weak N_Summer
03
C0208 8 8 77 N_Spring EP_EN
C0209- 9 11 172 N_Spring EP_EN
11

2003  C0302- 2 4 96 N_Summer EP_EN
04
C0305- 5 6 43 LN_Mod -
06
C0308- 8 9 87 N_Spring N_Spring
09
C0310- 10 12 50 N_Spring N_Spring
12

2004 C0402- 2 3 181 N_Summer N_Summer
03
C0408- 8 9 75 N_Spring CP_EN
09
C0411- 11 12 62 N_Summer CP_EN
12

2005  C0502- 2 3 159 N_Summer CP_EN
03
C0508- 8 9 51 LN_Mod N_Spring
09
C0511- 11 12 60 LN_Mod N_Summer
12

2006 C0602- 2 4 117 N_Summer N_Summer
04
C0608- 8 9 27 EN_Weak EP_EN
09
C0611- 11 12 113 EN_Weak EP_EN
12

(continued on next page)
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Table 1 (continued)

Year Name Begin End N° ENSO phase ~ ENSO phase
Date Date trawls (ICEN) (ONI)
(Month) (Month)

2007 C0702- 2 4 137 LN _Strong N_Summer
04
C0708- 8 9 80 LN_Strong LN_strong
09

2008 C0802- 2 4 96 N_Summer LN _strong
04
C0808- 8 9 46 EN_Weak N_Spring
09
C0811- 11 12 67 N_Summer N_Summer
12

2009 C0902- 2 4 82 N_Summer N_Summer
04
C0908- 8 9 53 EN_Weak CP_EN
09
C0912 12 12 50 N_Summer CP_EN

2010 C1001- 1 2 35 N_Summer CP_EN
02
C1002- 2 4 108 N_Summer CP_EN
04
C1008- 8 9 33 LN_Mod LN_strong
09
C1011- 11 12 105 LN_Mod LN_strong
12

2011 C1102- 2 4 117 N_Summer N_Summer
04
C1108- 8 10 49 N_Spring N_Spring
10

2012 C1202- 2 4 117 N_Summer N_Summer
04
C1209- 9 11 115 N_Spring N_Spring
11
C1211- 11 12 31 N_Summer N_Summer
12

2013 C1302- 2 4 125 LN_Strong N_Summer
04
C1308- 8 9 119 LN_Strong N_Spring
09

2014 C1402- 2 4 134 N_Summer N_Summer
04
C1408- 8 9 31 EN_Weak N_Spring
09
C1408- 8 10 129 EN_Weak N_Spring
10

2015  C1502- 2 4 127 N_Summer CP_EN
04
C1508- 8 10 130 EN_strong EN_extreme
10

2016  C1603- 3 4 134 EN_strong EN_extreme
04
C1605- 5 6 109 EN_strong EN_extreme
06
C1608- 8 9 45 N_Spring N_Spring
09
C1609- 9 11 147 N_Spring N_Spring
11

2017 C1703- 3 4 129 EN_Mod EN_coastal
04
C1708- 8 9 28 N_Spring N_Spring
09
C1709- 9 10 142 LN_Strong N_Spring
10

2018 C1802- 2 4 148 LN_Strong N_Summer
04
C1809- 9 11 174 EN_Weak CP_EN
11

2019 C1902- 2 3 138 N_Summer CP_EN
03
C1909- 9 11 161 N_Spring CP_EN
11
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Fig. 1. Trawl points from the pelagic surveys conducted from 1995 to 2019.
Grey lines define the 88 segment areas used in our analyses. Only trawls located
inside the segment areas were considered for analysis.

matrix computed among segment sites based on the fish composition
and ii) the spatial or temporal contiguity information among the
segment sites (Legendre and Legendre 2012). Clustering the geographic
sites may be carried out from the composition data (as in this study),
environmental variables, or any other set of variables observed through
space or time. In the clustering of the site composition data, the
space-constrained clustering method takes into account the spatial
contiguity of the segment sites represented by a list of link edges
describing the spatial connecting graph among the sites (Guénard and
Legendre 2022) (Fig. S2). The geographical coordinates of the segment
sites were used as input to obtain a contiguity matrix of the sites by
computing a Delaunay triangulation. The list of link edges was derived
from the contiguity matrix and provided to the clustering function,
which used it as a constraint during clustering. The Delaunay triangu-
lation criterion, an algorithm of geometric connection (Legendre and
Legendre 2012), is an appropriate connecting scheme for
space-constrained clustering. Clustering was computed for each of the
ENSO categories. For these analyses, we used the constr.hclust function
(Guénard and Legendre 2022) available in the R package adespatial
(Dray et al. 2022). The clustering method used was Ward’s agglomera-
tive method with the constraint of spatial contiguity.

We determined the most characteristic fish taxa among the cluster
groups of trawls (i.e., ecological region) through an indicator species
analysis. The indicator value index of a species (IndVal (Dufrene and
Legendre 1997; Legendre 2024), is calculated as the product of two
quantities, called A and B. Quantity A, or specificity (computed from the
species abundance values), measures the strength of a species associa-
tion with a group of sites. Quantity B, or fidelity, provides information
on the relative frequency of occurrence of the species among the sites of
a group. The IndVal index is tested for significance through a permu-
tation procedure. This index reaches the maximum value when all
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individuals of a species are found in a single group of sites, and the
species occurs in all sites of that group. The IndVal approach was applied
using the function multipatt of the indicspecies R package (De Caceres
and Legendre 2009).

2.6. Temporal beta diversity analysis

We also explored the variability in the composition and structure of
the community among ENSO categories using Temporal Beta-diversity
Indices (TBI). These indices compare site-by-site data collected in two
different periods, T1 and T2. They are composed of two parts for each
site: B = species losses and C = species gains for species occurrence or
abundance data (Legendre 2019; Legendre and Condit 2019). For our
study, the index used was the percentage difference, also known as the
Bray-Curtis index. We compared the processes of loss and gain of species
abundance (i.e., CPUE) to identify the geographic areas where changes
were the most important between the following ENSO categories:

e C1 - T1: N_Summer and T2: N_Spring, to quantify if there was sea-
sonal variability in the abundance of fish species during neutral
phases;

e C2 - T1: EN_extreme and T2: EN _strong, to observe how the event’s
intensity - from extreme to strong - influenced the loss or gain of
abundance per species; and,
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e C3 - T1: EN_strong and T2: EN_moderate, as in the previous com-
parison, to look into the EN event intensity - from EN strong to EN
moderate.

TBI was computed using the TBI function available in the adespatial
R package (Dray et al. 2022). We used the B and C statistics to produce
B-C plots, with B (species abundance losses at the site) in the abscissa
and C (species abundance gains at the site) in the ordinate. B-C plots
show the details of the processes of gain and loss of species through time
and across the groups of areas of the northern HCS. We computed B-C
plots for each of the comparisons listed above.

To understand the variability of the community structure, we ana-
lysed the changes in the 67 taxa across segment sites between each
category comparison, using a paired t-test. The tests were conducted
with 9999 random permutations of the values in each segment site be-
tween T1 and T2. A Holm correction for multiple testing was applied to
the computed p-values. The calculations are implemented in function
tpaired.krandtest, available in the R package adespatial (Dray et al.
2022).

Finally, because collecting anchoveta information was one of the
main goals in the scientific surveys and that species might be over-
represented in our data, we also assessed this potential bias in our results
by performing the spatial diversity analyses described above after
removing the anchoveta data from the community composition matrix.
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Fig. 2. Bootstrapped alpha diversity (a), gamma diversity (centre) and beta diversity (bottom) values within trawls for each ENSO category: Neutral Summer
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The code to analyse our data can be found at: https://github.com/gall
0sopl/ENSO_analysis.

3. Results

The main results described in this section follow the ENSO classifi-
cation by ICEN. Supporting Information - Appendix C briefly describes
our results following the classification by the ONI index. In addition, in
Supporting Information — Appendix B, we present the results excluding
Peruvian anchoveta from the community data matrix considering the
ICEN index for the ENSO classification.

3.1. Global analysis

The bootstrapped mean alpha diversity values varied across ENSO
categories (Fig. 2), where El Nino phase generally showed higher mean
alpha diversity values: EN_extreme = 2.96, and EN_strong = 2.92
(Tukey’s test, p < 0.05, Fig. S4). Compared with EN_extreme and
EN_strong, we found lower mean alpha diversity with LN phases and
EN_weak (Turkey’s test, p < 0.05, Fig. S4). The mean alpha diversity
values for the neutral categories were i) N_Summer = 2.16 and ii)
N_Spring = 1.93. A similar pattern was observed for the beta diversity
values (Fig. 2). The highest mean total beta diversity was observed in the
El Nino extreme category (EN_extreme = 0.84) (Tukey’s test, p < 0.05,
Fig. S4), followed by the weak La Nina (LN_weak = 0.67) (Fig. 2),
meaning high variability in the abundance of fish taxa among trawls
along the study area. For the neutral phases, both mean total beta di-
versity values were similar: i) N_Summer = 0.519, and ii) N_Spring =
0.490 (Tukey’s test, p < 0.05, Fig. S4). Finally, for the mean gamma
diversity, most of the phases showed a similar tendency (Fig. 2). How-
ever, the highest value was observed N_Summer = 42.43, and the lowest
for La Nina categories: LN_weak = 29.14, and LN_moderate = 30.05
(Tukey’s test, p < 0.05, Fig. S4).
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3.2. Spatial beta diversity analysis

Local contributions of individual observations to beta diversity
(LCBDs) displayed contrasting patterns across space and ENSO cate-
gories (Fig. 3). Most sites with LCBD values higher than their respective
mean were observed outside the continental shelf for the Neutral and LN
phases. The EN_extreme (extreme) event showed evenly distributed
LCBD values in all segment sites between the EN categories. In addition,
significant LCBD values were observed in most categories, except for EN
and LN moderate, and mostly in oceanic segment sites (50-80 nautical
miles) (Fig. 3). For EN_weak and LN_strong, these significant sites were
observed at higher latitudes (11-16 °S). High and significant LCBD
values indicate high taxa composition uniqueness, often related to low
species richness (Table S1). However, some significant LCBD sites with
more species richness were found in northern areas near the coast
(20-40 nautical miles on the continental shelf) for EN_extreme and
EN_strong.

Fig. 4 shows the spatially constrained clustering results for all ENSO
categories. The EN_weak and the Neutral and LN categories followed a
similar spatial pattern. All categories defined an extensive area covering
most of the Peruvian coast (group 1) and a small offshore area that
differed from category to category in its latitudinal and longitudinal
extension (group 2). For the EN_extreme, EN_strong, and EN_moderate,
we observed a clear definition of three ecological regions: one near the
coast (group 1), one in the north (group 2), and one distant from the
coast (group 3).

Table 2 shows the results of the indicator species analysis for each
ENSO category. For most categories, except Neutral Spring with no
significant indicator species, the Peruvian anchoveta displayed a sig-
nificant indicator value for group 1. Conversely, the Panama ligthfish (V.
lucetia) was associated with the offshore group areas for EN_extreme
(group 3) and EN_weak and LN (group 2). During the extreme EN_ext-
reme phase, we observed in the coastal area (group 2) species such as the
Peruvian anchoveta, Pacific sardine (Sardinops sagax), and the longnose
anchovy (Anchoa nasus) (Table 2). Also, for EN_extreme, the chub
mackerel (Scomber japonicus) was an indicator of groups 1 and 2.

ENSO phase
N_Summer N_Spring EN_extreme EN_strong EN_moderate EN_weak LN_strong LN_moderate LN_weak
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Fig. 3. LCBD index values are computed separately for each ENSO phase. Within each graph, LCBD values are dispersed by distance to the shelf break and latitude.
Green dots indicate the significant (p < 0.05) LCBD with a permutation test. The black horizontal line represents the mean LCBD value in that graph. The negative
values in the distance to the shelf break represent the distances of the segment areas to the shelf break on the continental shelf.
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Fig. 4. Space-constrained clustering was used to group areas of similar species composition in pelagic fish taxa during each ENSO category. Clustering method:
Ward’s minimum variance with spatial contiguity constraint.

Between LN categories, jack mackerel (Trachurus murphyi) was
observed for LN_moderate as an indicator species of the offshore area
(group 2). The neutral Spring phase did not show an indicator species.

3.3. Temporal beta diversity analysis

The temporal beta diversity index (TBI) from the Neutral Summer
(T1) to Neutral Spring (T2) phase varied along the study area, with a
mean of 0.479. Latitudinally, we observed higher TBI mean values in
segment areas of northern (5°S to 7°S — TBI = 0.513) and southern (14°S
to 15°S - TBI = 0.566) latitudes (Fig. S5). This variability in composition
between neutral categories was related to the high loss of abundance of
fishes over all sites (78 % of sites with species losses and 22 % with

species gain). In the B-C plots (Fig. 5), the green line is above the black
line, meaning a loss of dominance from Neutral Summer to Neutral
Spring. Besides, higher TBI values with a gain of abundance-per-taxa
were observed in offshore sites — from 50 to 80 nautical miles and
northern latitudes 5°S to 7°S (Fig. S5). We observed that the Peruvian
anchoveta and the Peruvian silverside (Odontestes regia) significantly
changed between neutral categories and showed a drop in their abun-
dance in the Neutral Spring category (Fig. 6).

When comparing the El Nino categories — T1: EN_extreme and T2:
EN_strong; the mean TBI value of the whole area was 0.824. Along
latitude intervals, TBI values showed less variability (Fig. S5). In this
comparison, 59 % of the sites experienced abundance loss per species.
The B-C plot (Fig. 5) showed a loss of abundances-per-taxa (the green
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Table 2

Indicator species for the pelagic fish community of the northern HCS. For each
phase of the study, only the indicator species that are significant indicators at («
= 0.05 after 99999 permutations) are shown in order of decreasing IndVal
values, where IndVal = A x B. A is the specificity of the species for the group
(based on Fig. 4), B is the fidelity or sensitivity of the species. Neutral Spring had
no significant indicator species.

ENSO pahase Taxa Group IndVal A B
N_Summer E.ringens 1 0.948 0.996 0.951
EN_extreme E.ringens 1 0.911 0.997 0.913
S.sagax 1 0.681 0.979 0.696
A.nasus 1 0.432 0.903 0.478
V.lucetia 3 0.693 0.693 1.000
S.japonicus 1+2 0.670 0.997 0.672
EN_strong E.ringens 1 0.998 0.998 1.000
EN_moderate E.ringens 1 0.998 0.998 1.000
EN_weak E.ringens 1 0.864 0.956 0.904
V.lucetia 2 0.823 0.823 1.000
Myctophidae 2 0.688 0.875 0.786
LN_strong E.ringens 1 1.000 1.000 1.000
LN_moderate E.ringens 1 0.973 0.988 0.985
T.murphyi 2 0.713 0.998 0.714
LN_weak E.ringens 1 0.955 0.997 0.958
V.lucetia 2 0.948 0.948 1.000

line is below the black line). Species such as the Pacific sardine, jack
mackerel, chub mackerel, and Panama lightfish (V. lucetia) had a sig-
nificant loss of abundance with nearly zero abundance values during the
EN_strong compared with the EN_extreme (Fig. 6). Otherwise, the Pa-
cific harvestfish (P. medius) was also significant and experienced a gain
in abundance values during EN_strong.

The comparison between T1: EN_strong and T2: EN_moderate
showed a mean TBI value of 0.563. Northern sites (from 5°S to 7°S) had
larger TBI values (Fig. S5). In addition, we observed that 62 % of the
total sites had an abundance loss per taxa. In Fig. 5, the B-C plots showed
a decrease in abundance-per-taxa (i.e., the green line is below the black
line), indicating that significant change in the abundance-per-taxa
occurred from EN_strong to LN_strong phases. The Pacific seahorse (H.
ingens) was a significant taxon that showed a crucial change in its

0.25

0.50

0.75

1.00
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abundance values (Fig. 6).
4. Discussion

We explored the impacts of ENSO phases on the pelagic fish of the
northern HCS. We used a long-term taxonomic dataset collected by
scientific surveys and covering several ENSO events, offering unique
insights into the variation of fish taxa through space and time. Our
findings revealed seasonal differences in taxonomic richness and
ecological uniqueness among ENSO phases and magnitude. Higher di-
versity was observed during EN phases, characterised by a specific
spatial structure of the community that varied in extent, species in-
dicators and composition among EN categories. The most remarkable
changes in temporal beta diversity were observed when the system
transitioned from a neutral to the EN phase, where the loss in abundance
per fish taxa was the dominant process. In the following paragraphs, we
discuss the influence of environmental and population variables on our
results, the limitations of the dataset and their potential impacts on our
results, the importance of our findings, and outline future studies that
could enhance our understanding of fish dynamics in the northern HCS.

EN extreme, strong and moderate categories displayed the larger
mean diversity indices, where the EN_extreme reported the maximum
values. This increase in local diversity can be attributed to the system
dynamics experienced during this phase. Specifically, during EN events,
the system is generally characterised by a warmer and nutrient-poor
environment (Espinoza-Morriberén et al. 2017, 2025; Mogollon and
Calil 2017), primarily due to a reduction in upwelling (Bertrand et al.
2020). In addition, the southward movement of tropical water masses
and the decrease in the extension of cold coastal waters (Swartzman
et al. 2008) may provoke the introduction of tropical species to southern
regions and oceanic species closer to the coast (Niquen and Bouchon
2004), thereby producing an increase in the number of species inhabit
our study area (Chavez et al. 2008). Furthermore, we observed signifi-
cant differences in beta diversity values for the four El Nino categories
(extreme, strong, moderate and weak), increasing values progressively
from weak to extreme EN phases. These results suggest that the spatial
structure or change in the species abundance along the northern HCS is
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Fig. 5. B-C plots of species abundance data compared between two ENSO phases. Symbol diameters are proportional to TBI statistics. The black line with a slope of 1:
the line where gains equal losses. The green line is drawn parallel to the black line and passes through the point centroid. Symbol colours represent the TBI statistic
values from o (dark blue) to 1 (bright red).
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influenced by the magnitude of the El Nino phase: a higher magnitude
produces larger impact on the spatial structure of the community.

The case of EN_weak is particularly noteworthy, as its diversity
metrics are comparable to those observed during neutral categories
(summer and spring), indicating minimal impact on community struc-
ture. Considering the global ENSO classification by ONI, some EN weak
events correspond to Central Pacific (CP) EN (Table 1). It has been re-
ported that due to its characteristics, CP EN events do not always result
in HCS impacts (Bertrand et al. 2020), even producing negative sea
surface temperature anomalies along the Peruvian coast (Timmermann
et al. 2018; Lehodey et al. 2020). Conversely, the La Nina categories
produced the opposite effect compared to EN, showing the lower alpha
and gamma diversity among the ENSO phases. During LN events, cold
coastal waters extend over the Peruvian coast, increasing upwelling and
nutrient concentration (Espinoza-Morriberon et al. 2025), extending the
spatial distribution of some species with affinity to cold coastal waters
such as Peruvian anchoveta (Moron et al. 2019), and such establishing a
more homogeneous system with less diversity.

Significant LCBDs are located at sites beyond the continental shelf
and mainly in areas with low richness for most of the ENSO phases.
These patterns are usually expected because they indicate that the high
uniqueness of species composition can often be related to a low number
of species which are maybe specialised and tolerant to distintive con-
ditions (Legendre and De Céceres 2013), not necessarily associated with
the characteristic of the fish taxa in the northern HCS. However, for the
extreme and strong EN categories, we also observed significant sites
with higher richness located in northern regions (5°S to 10°S latitude)
and closer to the coast (10-30 NM), reflecting the inclusion of novel
species (e.g. migratory species) in the community during warm periods.
In addition, research on marine diversity has described that coastal areas
are often characterised by higher species richness than oceanic areas due
to their diverse habitats and higher productivity (Tittensor et al. 2010).
No significant LCBD sites were observed during both EN and LN mod-
erate categories, meaning that the regional variability is constant during
these phases and does not have a particular unique taxonomic
characteristic.

Understanding the spatial patterns of biological communities helps
us learn about system dynamics and how communities are organised
across varying environments (Baker and Hollowed 2014). We noticed
differences in how the fish community spread geographically during
different ENSO phases. During the Neutral phase (in summer and spring)
and weak El Nino and La Nina categories, the communities appeared
similar in their spatial arrangement. However, during the extreme,
strong, and moderate El Nino categories, we observed that the northern
HCS is divided into three main areas, each with a similar community
composition (ecological regions), and these areas changed in spatial
extension during these categories. The layout of these areas relates to
how water masses are distributed in this ecosystem (Zuta and Guillén
1970) and how they vary during El Nino events (Swartzman et al. 2008).
Our results show that the intensity of the EN is crucial to defining the
spatial structure of the community. An EN extreme is characterised by
intense warming over the most equatorial Pacific due to the extension of
tropical water masses from the north and a higher contraction of the cold
water masses further to the coast (Swartzman et al. 2008).

The indicator species for each ENSO phase help us understand the
changes in fish biodiversity during warm and cold periods. For all ENSO
phases, the Peruvian anchoveta is an indicator of the region located
closer to the coast or the region covering most of the northern HCS. The
Panama lightfish also acts as an indicator in oceanic areas. These two
species define geographical areas and might be influenced by the shelf
break since the Peruvian anchoveta primarily dwells in neritic envi-
ronments (Moron et al. 2019) while V. lucetia prefers offshore areas
(Cornejo and Koppelmann 2006), so it is uncommon to find both species
in high numbers in the same region. During the EN_extreme category,
the chub mackerel was also an indicator for the regions that covered
both the northern and coastal part of the study area. This result agrees
with the findings from Espino (1999) and Niquen and Bouchon (2004),
which described that during the El Nino event of 1997-98, many oceanic
and tropical species, like mackerels, tunas, and billfishes, moved from
north to south. The small proportion of species showing preferences
during the EN strong, moderate and weak categories, compared to the El
Nino extreme, may be due to this event’s high variation and
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perturbation in 1997-98 in the northern HCS system.

The El Nino and La Nina phases trigger contrasting species’ behav-
iour and fisheries responses (Chavez et al. 2008; Bertrand et al. 2020;
Lehodey et al. 2020). On average, during El Nino, the total landings in
the northern HCS decrease, while they increase during La Nina events,
mainly caused by the changes in biomass of the Peruvian anchoveta
(Bertrand et al. 2020). When comparing the EN extreme and strong
categories, we observed a significant and similar decline in
abundance-per-taxa in all segment areas as observed for the Pacific
sardine and jack mackerel. One of the main drawbacks when comparing
taxon-specific abundance between two categories is that other factors (e.
g., fishing, long-term variability) besides the studied one may impact the
outcome. For example, for the Pacific sardine the increase in fishing
pressure in the late 1990s has been associated with this species’ drastic
decline in abundance after 1999 (Cardenas-Quintana et al. 2015), pro-
voking the disappearance of this species in the northern HCS since then.
Therefore, it is unlikely to see this species flourish in a near-future
extreme EN event. For jack mackerel, the decrease in biomass coin-
cided with the removal of larger individuals during a period of high
fishing effort in the late 1990s (Gerlotto et al. 2012), which might also
suggest a significant effect of fishing (Hintzen et al. 2014). In addition,
there is evidence of changes in average ocean conditions from the late
1990s (i.e., regime shift), which impacted the dominance of the main
pelagic fishes in the northern HCS (Alheit and Niquen 2004). Therefore,
this long-term fluctuation might have impacted our results when
comparing ENSO categories before and after 2000.

4.1. Caveats

This study uses taxonomic data collected by scientists through a
standardised survey over several years. This survey is the best source for
understanding changes in the fish community in the northern HCS.
Other data sources, like fisheries catch data, can provide insights but
have limitations. Catch data spans a long period but is influenced by
gear type, fishermen’s behaviour, and market prices, all of which affect
the types of fish caught. While acoustic data from scientific surveys can
show the abundance of some species, it is only available for a few taxa
(Castillo et al. 2009). Global datasets, such as OBIS, can provide infor-
mation on fish diversity, but they lack the time detail needed for this
study’s analysis.

Although the data used in this study is appropriate, we must recog-
nise some flaws in the sampling protocol that could affect our results.
The primary issue is the tendency to do the trawl sampling where
anchoveta was likely present, implying the possibility of over-
representing areas where other species may have been present. How-
ever, we covered the entire study area for all ENSO phases (Fig. S3).
Another limitation is the taxonomic resolution for certain fish taxa.
Although trained fishery biologists did the identification, some rare
species were difficult to classify at the species level. To mitigate this, we
standardized the taxonomic information with input from experienced
scientists at IMARPE, creating a comparable dataset of fish taxa across
surveys (Supp Information — Appendix A).

Additionally, while CPUE may not accurately reflect abundance for
some species due to differences in catchability, we believe this does not
affect our conclusions comparing different ENSO phases since this effect
is consistent across surveys. Finally, we had higher sampling in coastal
areas (within five nautical miles). Although this led to variability in the
number of trawls performed near the coast, our resampling results hel-
ped us understand diversity differences between ENSO categories
without focusing on how diversity patterns change with distance from
the coast.

5. Conclusions

Our analysis provides insights into the community structure of
pelagic fishes in the northern HCS and suggests that ENSO phases affect
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the spatial structure of the community, resulting in higher alpha and
beta diversity values and a more heterogeneous community during the
El Nino extreme and strong phases, with a higher abundance of tropical
and oceanic species. In addition, we observed that during EN phases, the
northern HCS pelagic fish community can be spatially structured into
three ecological regions with similar community composition. We also
identified indicator species of ecological regions during the various
ENSO phases. Understanding the functioning of the northern HCS di-
versity is essential to appropriately manage this highly productive sys-
tem within an ecosystem-based management framework.

CRediT authorship contribution statement

Paola Galloso: Writing — review & editing, Writing — original draft,
Methodology, Investigation, Formal analysis, Data curation, Conceptu-
alization. Giancarlo M. Correa: Writing — review & editing, Supervi-
sion, Methodology. Pierre Legendre: Writing — review & editing,
Supervision, Methodology, Funding acquisition.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgements

We kindly thank the Marine Institute of Peru (IMARPE) for providing
the data for this study. We also thank Andrés Chipollini and Miguel
Niquen, who guided us with the taxonomic standardisation of the
community data. We would also like to thank G. Guénard for his help
with the spatial constrained clustering method. This research was sup-
ported by the Natural Sciences and Engineering Research Council of
Canada (NSERC) research grant no—2023-03953 to P. Legendre.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.dsr2.2025.105553.

Data availability

The authors do not have permission to share data.

References

Alegre, A., Bertrand, A., Espino, M., Espinoza, P., Dioses, T., Niquen, M., Navarro, L.,
Simier, M., Ménard, F., 2015. Diet diversity of jack and chub mackerels and
ecosystem changes in the northern Humboldt current system: a long-term study.
Prog. Oceanogr. 15. https://doi.org/10.1016/j.pocean.2015.07.010.

Alegre, A., Espinoza, P., Espino, M., 2013. Trophic ecology of Jack mackerel Trachurus
murphyi in Peru, 1977 — 2011. Rev. Peru. Biol. 20 (1), 75-82.

Alheit, J., Niquen, M., 2004. Regime shifts in the Humboldt current ecosystem. Prog.
Oceanogr. 60 (2), 201-222. https://doi.org/10.1016/j.pocean.2004.02.006.

Arntz, W.E., Gallardo, V.A., Gutiérrez, D., Isla, E., Levin, L.A., Mendo, J., Neira, C.,
Rowe, G.T., Tarazona, J., Wolff, M., 2006. El Nino and similar perturbation effects
on the benthos of the Humboldt, California, and Benguela current upwelling
ecosystems. In: Advances in Geosciences. Copernicus GmbH, pp. 243-265. https://
doi.org/10.5194/adgeo-6-243-2006.

Baker, M.R., Hollowed, A.B., 2014. Delineating ecological regions in marine systems:
integrating physical structure and community composition to inform spatial
management in the eastern Bering Sea. Deep Sea Res. Part II 109, 215-240.

Bakun, A., Weeks, S.J., 2008. The marine ecosystem off Peru: what are the secrets of its
fishery productivity and what might its future hold? Prog. Oceanogr. 79 (2),
290-299. https://doi.org/10.1016/j.pocean.2008.10.027.

Barber, R.T., Chavez, F.P., 1983. Biological consequences of El Nino. Science 222 (4629),
1203-1210.

Bertrand, A., Chaigneau, A., Peraltilla, S., Ledesma, J., Graco, M., Chavez, F.P., 2011.
Oxygen: a fundamental property regulating pelagic ecosystem structure in the
coastal Southeastern Tropical Pacific. PLoS One 6 (12), 8.


https://doi.org/10.1016/j.dsr2.2025.105553
https://doi.org/10.1016/j.dsr2.2025.105553
https://doi.org/10.1016/j.pocean.2015.07.010
http://refhub.elsevier.com/S0967-0645(25)00102-X/sref2
http://refhub.elsevier.com/S0967-0645(25)00102-X/sref2
https://doi.org/10.1016/j.pocean.2004.02.006
https://doi.org/10.5194/adgeo-6-243-2006
https://doi.org/10.5194/adgeo-6-243-2006
http://refhub.elsevier.com/S0967-0645(25)00102-X/sref5
http://refhub.elsevier.com/S0967-0645(25)00102-X/sref5
http://refhub.elsevier.com/S0967-0645(25)00102-X/sref5
https://doi.org/10.1016/j.pocean.2008.10.027
http://refhub.elsevier.com/S0967-0645(25)00102-X/sref7
http://refhub.elsevier.com/S0967-0645(25)00102-X/sref7
http://refhub.elsevier.com/S0967-0645(25)00102-X/sref8
http://refhub.elsevier.com/S0967-0645(25)00102-X/sref8
http://refhub.elsevier.com/S0967-0645(25)00102-X/sref8

P. Galloso et al.

Bertrand, A., Lengaigne, M., Takahasi, K., Avadi, A., Florence, P., Harrod, C., 2020. El
Nino Southern Oscillation (ENSO) Effects on Fisheries and Aquaculture. Food and
Agriculture Organization.

Bertrand, A., Segura, M., Gutiérrez, M., Vasquez, L., 2004. From small-scale habitat
loopholes to decadal cycles: a habitat-based hypothesis explaining fluctuation in
pelagic fish populations off Peru. Fish Fish. 5 (4), 296-316. https://doi.org/
10.1111/j.1467-2679.2004.00165.x.

Bonino, G., Di Lorenzo, E., Masina, S., Iovino, D., 2019. Interannual to decadal variability
within and across the major Eastern boundary upwelling systems. Sci. Rep. 9 (1),
1-14. https://doi.org/10.1038/541598-019-56514-8.

Bouchon, M., Cahuin, S., Niquen, M., 2001. Fluctuaciones de la ictiofauna pelagica en la
region norte-centro del litoral peruano de 1994 a 1998. In: El Nino en América
Latina: Impactos bioldgicos y sociales. CONCYTEC, Lima, pp. 73-79.

Cardenas-Quintana, G., Franco-Meléndez, M., Salcedo-Rodriguez, J., Ulloa-Espejo, D.,
Pell6n-Farfan, J., 2015. The Peruvian sardine, Sardinops sagax: historical analysis of
the fishery (1978-2005). Cienc. Mar. 41 (3), 203-216. https://doi.org/10.7773/cm.
v41i3.2466.

Castillo, P.R., Peraltilla, S., Aliaga, A., Flores, M., Ballon, M., Calderon, J., Gutiérrez, M.,
2009. Protocolo técnico para la evaluacion actstica de las areas de distribuciom y
abundancia de recursos pelagicos en el mar peruano. Version 2009. Instituto del Mar
del Pert 36 (1-2), 23.

Chavez, F.P., Bertrand, A., Guevara-Carrasco, R., Soler, P., Csirke, J., 2008. The northern
Humboldt current system: brief history, present status and a view towards the future.
Prog. Oceanogr. 79, 95-105. https://doi.org/10.1016/j.pocean.2008.10.012.

Chavez, F.P., Messié, M., 2009. A comparison of Eastern boundary upwelling ecosystems.
Prog. Oceanogr. 83, 80-96.

Cornejo, R., Koppelmann, R., 2006. Distribution patterns of mesopelagic fishes with
special reference to Vinciguerria lucetia Garman 1899 (Phosichthyidae: Pisces) in
the Humboldt current Region off Peru. Mar. Biol. 149, 1519-1537. https://doi.org/
10.1007/500227-006-0319-z.

De Caceres, M., Legendre, P., 2009. Associations between species and groups of sites:
indices and statistical inference. Ecology 90 (12), 3566-3574. https://doi.org/
10.1890/08-1823.1.

Dray, S., Bauman, D., Blanchet, G., Borcard, D., Clappe, S., Guénard, G., 2022. Package
“adespatial.”. R Package Version 3-19.

Dufrene, M., Legendre, P., 1997. Species assemblages and indicator species: the need for
a flexible asymmetrical approach. Ecol. Monogr. 67 (3), 345-366.

ENFEN, 2024. Eventos El Nino y La Nina costeros. http://met.igp.gob.pe/variabclim/i
ndices.html.

Espino, M., 1999. "E1 NINO 1997-98": its effects on environment and fishery resources in
Peru. Revista Peruana de Biologia Extraordinario 97-109.

Espinoza-Morriber6n, D., Echevin, V., Colas, F., Tam, J., Gutiérrez, D., Graco, M.,
Ledesma, J., Quispe-Ccalluari, C., 2019. Oxygen variability during ENSO in the
tropical south Eastern Pacific. Front. Mar. Sci. 5, 526. https://doi.org/10.3389/
fmars.2018.00526.

Espinoza-Morriberdn, D., Echevin, V., Colas, F., Tam, J., Ledesma, J., Vasquez, L.,
Graco, M., 2017. Impacts of El Nino events on the Peruvian upwelling system
productivity. J. Geophys. Res. 122, 5423-5444. https://doi.org/10.1002/
2016JC012439.

Espinoza-Morriberén, D., Mogollén, R., Velasquez, O., Yabar, G., Villena, M., Tam, J.,
2025. Dynamics of Surface Chlorophyll and the Asymmetric Response of the High
Productive Zone in the Peruvian Sea: effects of El Nino and La Nina. Int. J. Climatol.
0, e8764. https://doi.org/10.1002/joc.8764.

FAO, 2020. FAO fisheries and aquaculture - fishery statistical collections - global capture
production. In: FAO Fisheries and Aquaculture Division [Online]. Rome.

Fréon, P., Aristegui, J., Bertrand, A., Crawford, R.J.M., Field, J.C., Gibbons, M.J., Tam, J.,
Hutchings, L., Masski, H., Mullon, C., Ramdani, M., Seret, B., Simier, M., 2009.
Functional group biodiversity in Eastern boundary upwelling ecosystems questions
the wasp-waist trophic structure. Prog. Oceanogr. 10. https://doi.org/10.1016/j.
pocean.2009.07.034.

Gerlotto, F., Gutiérrez, M., Bertrand, B., Arnaud, 2012. Insight on population structure of
the Chilean jack mackerel (Trachurus murphyi). Aquat. Living Resour. 25, 341-355.
https://doi.org/10.1051/alr/2012036.

Graco, M.1., Purca, S., Dewitte, B., Castro, C.G., Morén, O., Ledesma, J., Flores, G.,
Gutiérrez, D., 2017. The OMZ and nutrient features as a signature of interannual and
low-frequency variability in the Peruvian upwelling system. Biogeosciences 14,
4601-4617. https://doi.org/10.5194/bg-14-4601-2017.

Guénard, G., Legendre, P., 2022. Hierarchical clustering with contiguity constraint in R.
J. Stat. Software 103 (7), 1-26. https://doi.org/10.18637/jss.v103.i07.

Gutiérrez, D., Akester, M., Naranjo, L., 2016. Productivity and sustainable management
of the Humboldt current large marine ecosystem under climate change. Environ.
Dev. 17, 126-144. https://doi.org/10.1016/j.envdev.2015.11.004.

Gutiérrez, D., Bouchon, M., 2021. The 2017 Coastal El Nino and its impacts on the
marine ecosystem. Bol. Inst. Mar. Peru (Callao) 36 (2), 313-328. https://doi.org/
10.53554/boletin.v36i2.340.

Hintzen, N.T., Corten, A., Gerlotto, F., Bertrand, A., Lehodey, P., Brunel, T., Dragon, A.-
C., Senina, 1., 2014. Hydrography and Jack mackerel stock in the South Pacific - final
report. IMARES. No C176/14, 66.

Hu, W,, Du, J,, Su, S., Hongjian, T., Yang, W., Ding, L., Dong, P., Weiwei, Y., Zheng, X.,
Chen, B., 2022. Effects of climate change in the seas of China: predicted changes in
the distribution of fish species and diversity. Ecol. Indic. 134. https://doi.org/
10.1016/j.ecolind.2021.108489.

IMARPE, 2020. Elaboracién de la Tabla de Decision para la determinacién del Limite
Maximo de Captura Total Permisible por temporada de pesca en la pesqueria del
Stock Norte-Centro de la anchoveta peruana.

11

Deep-Sea Research Part II 224 (2025) 105553

Kluger, L.C., Kochalski, S., Aguirre-Velarde, A., Vivar, 1., Wolff, M., 2019. Coping with
abrupt environmental change: the impact of the coastal El Nino 2017 on artisanal
fisheries and mariculture in North Peru. ICES (Int. Counc. Explor. Sea) J. Mar. Sci. 76
(4), 1122-1130. https://doi.org/10.1093/icesjms/fsy171.

Legendre, P., 2019. A temporal beta-diversity index to identify sites that have changed in
exceptional ways in space-time surveys. Ecol. Evol. 9 (6), 3500-3514. https://doi.
org/10.1002/ece3.4984.

Legendre, P., 2024. Indicator species: computation. In: Encyclopedia of Biodiversity, vol.
5. Elsevier, Oxford, pp. 533-538.

Legendre, P., Condit, R., 2019. Spatial and temporal analysis of beta diversity in the
Barro Colorado Island forest dynamics plot, Panama. Forest Ecosystems 6 (1), 1-11.

Legendre, P., De Caceres, M., 2013. Beta diversity as the variance of community data:
dissimilarity coefficients and partitioning. Ecol. Lett. 13.

Legendre, P., Gallagher, E.D., 2001. Ecologically meaningful transformations for
ordination of species data. Oecologia 129, 271-280. https://doi.org/10.1007/
s004420100716.

Legendre, P., Legendre, L., 2012. Numerical Ecology, 3rd English edition. Elsevier.

Lehodey, P., Bertrand, A., Hobday, Alistair J., Kiyofuji, Hidetada, McClatchie, Sam,
Menkes, Christophe E., Pilling, Graham, Polovina, Jeffrey, Tommasi, Desiree, 2020.
ENSO impact on marine fisheries and ecosystems. In: El Nino Southern Oscillation in
a Changing Climate. Wiley Online Library, pp. 429-451.

Mogolldn, R., Calil, P.H.R., 2017. On the effects of ENSO on ocean biogeochemistry in
the Northern Humboldt Current System (NHCS): a modeling study. J. Mar. Syst. 172,
137-159. https://doi.org/10.1016/j.jmarsys.2017.03.011.

Moron, G., Galloso, P., Gutiérrez, D., Torrejon-Magallanes, J., 2019. Temporal changes in
mesoscale aggregations and spatial distribution scenarios of the Peruvian anchovy
(Engraulis ringens). Deep Sea Res. Part II 159, 75-83.

Navarrete, A.H., Lagos, N.A., Ojeda, F.P., 2014. Latitudinal diversity patterns of Chilean
coastal fishes: searching for causal processes. Rev. Chil. Hist. Nat. 87 (2), 11. https://
doi.org/10.1186,/0717-6317-87-2.

Niquen, M., Bouchon, M., 2004. Impact of EI Nino events on pelagic fisheries in Peruvian
waters. Deep Sea Res. Part II Top. Stud. Oceanogr. 51 (6), 563-574. https://doi.org/
10.1016/j.dsr2.2004.03.001.

Pécastaing, N., Chavez, C., 2020. The impact of El Nino phenomenon on dry forest-
dependent communities’ welfare in the northern Coast of Peru. Ecol. Econ.

Pennington, J.T., Mahoney, K.L., Kuwahara, V.S., Kolber, D.D., Calienes, R., Chavez, F.P.,
2006. Primary production in the eastern tropical Pacific: a review. Prog. Oceanogr.
69, 285-317. https://doi.org/10.1016/j.pocean.2006.03.012.

Salvatteci, R., Schneider, R.R., Galbraith, E., Field, D., Blanz, T., Bauersachs, T.,
Crosta, X., Martinez, P., Echevin, V., Scholz, F., Bertrand, A., 2022. Smaller fish
species in a warm and oxygen-poor Humboldt current system. Science 375 (6576),
101-104. https://doi.org/10.1126/science.abj0270.

Swartzman, G., Bertrand, A., Gutiérrez, M., Bertrand, S., Vasquez, L., 2008. The
relationship of anchovy and sardine to water masses in the Peruvian Humboldt
current system from 1983 to 2005. Prog. Oceanogr. 79 (2), 228-237. https://doi.
org/10.1016/j.pocean.2008.10.021.

Takahashi, K., Mosquera, K., Reupo, J., 2014. El Indice Costero El Nifio (ICEN): historia y
actualizacion. Boletin técnico: Generacion de modelos climaticos para el prondstico
de la ocurrencia del Fenémeno El Nino. Instituto Geofisico del Pert 1 (2), 8-9.

Tarazona, J., Arntz, W.E., 2001. The Peruvian coastal upwelling system. In: Seeliger, U.,
Kjerfve, B. (Eds.), Coastal Marine Ecosystems of Latin America. Springer Berlin
Heidelberg, pp. 229-244.

Thompson, L.G., Davis, M.E., Mosley-Thompson, E., Beaudon, E., Porter, S.E.,

Kutuzov, S., 2017. Impacts of recent warming and the 2015/2016 El nino on tropical
Peruvian ice fields. J. Geophys. Res. 122 (23), 12-668. https://doi.org/10.1002/
2017JD026592.

Timmermann, A., An, S.-I., Kug, J.-S., Jin, F.-F., Cai, W., Capotondi, A., Cobb, K.M.,
Lengaigne, M., McPhaden, M.J., Stuecker, M.F., Stein, K., Wittenberg, A.T., Yun, K.-
S., Bayr, T., Chen, H.-C., Chikamoto, Y., Dewitte, B., Dommenget, D., Grothe, P.,
Guilyardi, E., Ham, Y.-G., Hayashi, M., Ineson, S., Kang, D., Kim, S., Kim, W., Lee, J.-
Y., Li, T., Luo, J.-J., 2018. El Nino-Southern oscillation complexity. Nature 559
(7715), 535-545. https://doi.org/10.1038/541586-018-0252-6.

Tittensor, D.P., Mora, C., Jetz, Walter, Lotze, H.K., Ricard, Daniel, Vanden, Berghe,
Edward, Worm, Boris, 2010. Global patterns and predictors of marine biodiversity
across taxa. Nature 466 (7310), 1098-1101. https://doi.org/10.1038/nature09329.

Torrején-Magallanes, J., Angeles-Gonzélez, L.E., Csirke, J., Bouchon, M., Morales-
Bojorquez, E., Arreguin-Sanchez, F., 2021. Modeling the Pacific chub mackerel
(Scomber japonicus) ecological niche and future scenarios in the northern Peruvian
current system. Prog. Oceanogr. 197, 102672. https://doi.org/10.1016/j.
pocean.2021.102672.

Tukey, J.W., 1949. Comparing individual means in the analysis of variance. Biometrics 5
(2), 99-114. https://doi.org/10.2307/3001913.

Vildoso, B.A., Vélez, J., Chirichigno Fonseca, N., Chirinos del Vildoso, A., 1999.
Diversidad de los peces marinos del Pert. Bol. Inst. Mar. Peru (Callao) 18 (1:2),
49-76.

Worm, B., Barbier, E.B., Beaumont, N., Duffy, J.E., Folke, C., Halpern, B.S., Jackson, J.B.
C., Lotze, H.K., Micheli, F., Palumbi, S.R., Sala, E., Selkoe, K.A., Stachowicz, J.J.,
Watson, R., 2006. Impacts of biodiversity loss on Ocean ecosystem services. Science
314, 5.

Yapur-Pancorvo, A.L., Quispe-Machaca, M., Guzman-Rivas, F., Urzia, A., Espinoza, P.,
2023. The red Squat lobster pleuroncodes monodon in the Humboldt current system:
from their ecology to commercial attributes as marine bioresource. Animals 13,
2279. https://doi.org/10.3390/ani13142279.

Zuta, S., Guillén, O., 1970. Oceanografia de las aguas costeras del Perti. Bol. Inst. Mar.
Peru (Callao) 2 (5), 157-324. (Accessed 14 June 2021).


http://refhub.elsevier.com/S0967-0645(25)00102-X/sref9
http://refhub.elsevier.com/S0967-0645(25)00102-X/sref9
http://refhub.elsevier.com/S0967-0645(25)00102-X/sref9
https://doi.org/10.1111/j.1467-2679.2004.00165.x
https://doi.org/10.1111/j.1467-2679.2004.00165.x
https://doi.org/10.1038/s41598-019-56514-8
http://refhub.elsevier.com/S0967-0645(25)00102-X/sref12
http://refhub.elsevier.com/S0967-0645(25)00102-X/sref12
http://refhub.elsevier.com/S0967-0645(25)00102-X/sref12
https://doi.org/10.7773/cm.v41i3.2466
https://doi.org/10.7773/cm.v41i3.2466
http://refhub.elsevier.com/S0967-0645(25)00102-X/sref14
http://refhub.elsevier.com/S0967-0645(25)00102-X/sref14
http://refhub.elsevier.com/S0967-0645(25)00102-X/sref14
http://refhub.elsevier.com/S0967-0645(25)00102-X/sref14
https://doi.org/10.1016/j.pocean.2008.10.012
http://refhub.elsevier.com/S0967-0645(25)00102-X/sref16
http://refhub.elsevier.com/S0967-0645(25)00102-X/sref16
https://doi.org/10.1007/s00227-006-0319-z
https://doi.org/10.1007/s00227-006-0319-z
https://doi.org/10.1890/08-1823.1
https://doi.org/10.1890/08-1823.1
http://refhub.elsevier.com/S0967-0645(25)00102-X/sref19
http://refhub.elsevier.com/S0967-0645(25)00102-X/sref19
http://refhub.elsevier.com/S0967-0645(25)00102-X/sref20
http://refhub.elsevier.com/S0967-0645(25)00102-X/sref20
http://met.igp.gob.pe/variabclim/indices.html
http://met.igp.gob.pe/variabclim/indices.html
http://refhub.elsevier.com/S0967-0645(25)00102-X/sref22
http://refhub.elsevier.com/S0967-0645(25)00102-X/sref22
https://doi.org/10.3389/fmars.2018.00526
https://doi.org/10.3389/fmars.2018.00526
https://doi.org/10.1002/2016JC012439
https://doi.org/10.1002/2016JC012439
https://doi.org/10.1002/joc.8764
http://refhub.elsevier.com/S0967-0645(25)00102-X/sref26
http://refhub.elsevier.com/S0967-0645(25)00102-X/sref26
https://doi.org/10.1016/j.pocean.2009.07.034
https://doi.org/10.1016/j.pocean.2009.07.034
https://doi.org/10.1051/alr/2012036
https://doi.org/10.5194/bg-14-4601-2017
https://doi.org/10.18637/jss.v103.i07
https://doi.org/10.1016/j.envdev.2015.11.004
https://doi.org/10.53554/boletin.v36i2.340
https://doi.org/10.53554/boletin.v36i2.340
http://refhub.elsevier.com/S0967-0645(25)00102-X/sref33
http://refhub.elsevier.com/S0967-0645(25)00102-X/sref33
http://refhub.elsevier.com/S0967-0645(25)00102-X/sref33
https://doi.org/10.1016/j.ecolind.2021.108489
https://doi.org/10.1016/j.ecolind.2021.108489
http://refhub.elsevier.com/S0967-0645(25)00102-X/sref35
http://refhub.elsevier.com/S0967-0645(25)00102-X/sref35
http://refhub.elsevier.com/S0967-0645(25)00102-X/sref35
https://doi.org/10.1093/icesjms/fsy171
https://doi.org/10.1002/ece3.4984
https://doi.org/10.1002/ece3.4984
http://refhub.elsevier.com/S0967-0645(25)00102-X/sref38
http://refhub.elsevier.com/S0967-0645(25)00102-X/sref38
http://refhub.elsevier.com/S0967-0645(25)00102-X/sref39
http://refhub.elsevier.com/S0967-0645(25)00102-X/sref39
http://refhub.elsevier.com/S0967-0645(25)00102-X/sref40
http://refhub.elsevier.com/S0967-0645(25)00102-X/sref40
https://doi.org/10.1007/s004420100716
https://doi.org/10.1007/s004420100716
http://refhub.elsevier.com/S0967-0645(25)00102-X/sref42
http://refhub.elsevier.com/S0967-0645(25)00102-X/sref43
http://refhub.elsevier.com/S0967-0645(25)00102-X/sref43
http://refhub.elsevier.com/S0967-0645(25)00102-X/sref43
http://refhub.elsevier.com/S0967-0645(25)00102-X/sref43
https://doi.org/10.1016/j.jmarsys.2017.03.011
http://refhub.elsevier.com/S0967-0645(25)00102-X/sref45
http://refhub.elsevier.com/S0967-0645(25)00102-X/sref45
http://refhub.elsevier.com/S0967-0645(25)00102-X/sref45
https://doi.org/10.1186/0717-6317-87-2
https://doi.org/10.1186/0717-6317-87-2
https://doi.org/10.1016/j.dsr2.2004.03.001
https://doi.org/10.1016/j.dsr2.2004.03.001
http://refhub.elsevier.com/S0967-0645(25)00102-X/sref48
http://refhub.elsevier.com/S0967-0645(25)00102-X/sref48
https://doi.org/10.1016/j.pocean.2006.03.012
https://doi.org/10.1126/science.abj0270
https://doi.org/10.1016/j.pocean.2008.10.021
https://doi.org/10.1016/j.pocean.2008.10.021
http://refhub.elsevier.com/S0967-0645(25)00102-X/sref52
http://refhub.elsevier.com/S0967-0645(25)00102-X/sref52
http://refhub.elsevier.com/S0967-0645(25)00102-X/sref52
http://refhub.elsevier.com/S0967-0645(25)00102-X/sref53
http://refhub.elsevier.com/S0967-0645(25)00102-X/sref53
http://refhub.elsevier.com/S0967-0645(25)00102-X/sref53
https://doi.org/10.1002/2017JD026592
https://doi.org/10.1002/2017JD026592
https://doi.org/10.1038/s41586-018-0252-6
https://doi.org/10.1038/nature09329
https://doi.org/10.1016/j.pocean.2021.102672
https://doi.org/10.1016/j.pocean.2021.102672
https://doi.org/10.2307/3001913
http://refhub.elsevier.com/S0967-0645(25)00102-X/sref59
http://refhub.elsevier.com/S0967-0645(25)00102-X/sref59
http://refhub.elsevier.com/S0967-0645(25)00102-X/sref59
http://refhub.elsevier.com/S0967-0645(25)00102-X/sref60
http://refhub.elsevier.com/S0967-0645(25)00102-X/sref60
http://refhub.elsevier.com/S0967-0645(25)00102-X/sref60
http://refhub.elsevier.com/S0967-0645(25)00102-X/sref60
https://doi.org/10.3390/ani13142279
http://refhub.elsevier.com/S0967-0645(25)00102-X/sref62
http://refhub.elsevier.com/S0967-0645(25)00102-X/sref62

	The impacts of El Niño Southern Oscillation on the pelagic fish community structure of the northern Humboldt Current system
	1 Introduction
	2 Materials and methods
	2.1 Survey data
	2.2 Data standardization
	2.3 ENSO phase classification
	2.4 Global analysis
	2.5 Spatial beta diversity analysis
	2.6 Temporal beta diversity analysis

	3 Results
	3.1 Global analysis
	3.2 Spatial beta diversity analysis
	3.3 Temporal beta diversity analysis

	4 Discussion
	4.1 Caveats

	5 Conclusions
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgements
	Appendix A Supplementary data
	Data availability
	References


